The Eisai hyperbilirubinemic rat (EHBR) should be a useful animal model for studies on the toxicity of organic anions which are substrates of multidrug resistance-associated protein 2 (Mrp2), since the systemic exposure to these compounds is expected to be increased in EHBR. In this study, we tested the value of EHBR for this purpose, using pravastatin (PV) and methotrexate (MTX) as model compounds. In the case of a single oral dose of PV (200 mg W kg), Cmax in plasma was 4.0-fold higher and AUC0-/ was 3.6-fold larger than those of normal Sprague-Dawley rats (SDR), respectively. When multiple doses of PV were given to EHBR without co-administration of any other compound, druginduced skeletal muscle toxicity (myopathy W rhabdomyolysis) and increased creatine phosphokinase (CPK) level were observed, whereas a control experiment using SDR did not show any toxic change. When a single dose of MTX (0.6 mg W kg) was given to EHBR orally, Cmax was 1.7-fold higher and AUC0-/ was 1.6-fold larger than those of SDR, respectively. When multiple doses of MTX were given to EHBR, the changes in bone marrow, spleen and intestines were more severe than those in SDR. Theseˆndings support the view that EHBR would be a valuable animal model for toxicity studies on organic anion compounds which are substrates of Mrp2.
Introduction
Recently, new technologies for drug discovery, such as combinatorial chemistry, have yielded vast numbers of candidate compounds, and high throughput screening (HTS) for pharmacological evaluation has also made rapid progress. There is now a need for pharmacokinetic scientists and toxicologists to assess small amounts of many compounds in the early stage of drug discovery to eliminate compounds with unsuitable kinetic and toxicity proˆles before further pre-clinical and clinical studies. Studies on pharmacokinetics by using HTS with human liver microsomes or transgenic cells in vitro, and cassette dosing methods in vivo, and also by employing new analytical equipment such as liquid chromatography with tandem mass spectrometry (LC W MS W MS) are relatively well advanced. On the other hand, toxicological studies at the drug-discovery stage are still a bottleneck because of the lack of appropriate methods and animal models. Therefore, providing toxicologists with speedy, simple and reliable methods and models that are suitable for toxicity evaluation at an early stage of drug development is a priority.
The Eisai hyperbilirubinemic rat (EHBR) is mutant strain of inbred Sprague-Dawley rat (SDR) with autosomal recessive hyperbilirubinuria. 1) The rat exhibits jaundice immediately after birth and hyperbilirubinemia throughout life. Plasma biochemistry in EHBR shows an increase in total cholesterol and total bile acid, as biliary excretion of bilirubin is dramatically decreased in the homozygotes compared with normal animals. Therefore, EHBR is used as a model for studying constitutive hyperbilirubinemia, bilirubin metabolism, cholestasis, and glomerulonephropathy subsequent to hepatic dysfunction.
2) There have also been several reports of reduced biliary excretion and W or increased plasma concentration of not only endogenous materials, but also xenobiotic anionic drugs, including pravastatin (PV), [3] [4] [5] [6] methotrexate (MTX), 7) irinotecan, 8, 9) temocaprilat, 10) olam‰oxacin, 11) grepa‰oxacin, 12) and probenecid 13) in EHBR. [14] [15] [16] All of the above compounds are substrates of multidrug resistance-associated protein 2 (rodents, Mrp2; humans, MRP2, ABCC2 or canalicular multispeciˆc organic anion transporter (cMOAT)), which plays an important role in the excretion of organic anions from the body. Since it was established that deˆciency in the expression and function of Mrp2 in the liver causes the hyperbilirubinemia in EHBR, 17, 18) this mutant rat would be an appropriate model of the Dubin-Johnson syndrome, 19, 20) which is a hereditary disease caused by mutation of MRP2 in humans. 21) Further, EHBR could be a useful model animal for toxicity studies on organic anion compounds that are substrates of Mrp2, since systemic exposure to these drugs is considered to be increased in EHBR as compared with normal rats. The aim of this study was to evaluate the usefulness (simplicity and reliability) of EHBR as a model animal for toxicity evaluation of organic anion compounds, by dosing of PV, a 3-hydroxy-3-methylglutaryl coenzyme A (HMGCoA) reductase inhibitor, and MTX, a dihydrofolate reductase inhibitor, to EHBR and measuring the serum W plasma biochemical and histopathologic changes. We chose PV and MTX as model compounds for the present study, becauseˆrstly, they are typical substrates of MRP2 W Mrp2, [3] [4] [5] [6] [7] secondly, they are commercially available at high purity, andˆnally, side eŠects of these compounds could be rarely traced in experimental toxicological studies.
Materials and Methods
Chemicals and animals: PV (sodium salt) was purchased from APIN Chemicals (Oxon, UK). MTX was obtained from Wako Pure Chemical Industries (Osaka, Japan). The other reagents and solvents used in this study were commercially available products of analytical grade or chromatographic grade.
The animal study was performed according to the Guidelines for the Care and Use of Laboratory Animals in the Pharmaceutical Research Center, Mochida Pharmaceutical Co., Ltd. and approved by the Committee of Ethics of Animal Experimentation of Pharmaceutical Research Center, Mochida Pharmaceutical Co., Ltd. Male SDR and EHBR, 6 weeks of age were obtained from Charles River Japan, Inc. (Yokohama, Japan) and from Japan SLC (Hamamatsu, Japan), respectively. The animals were individually housed at constant temperature (23±29 C) and humidity (55±15z), with 12 h of light per day. They were allowed access to water and were given commercially available diet, CE-2 (Clea Japan Inc., Tokyo, Japan).
Pharmacokinetic study: PV was dissolved at an appropriate concentration in 0.5z hydroxypropyl methyl cellulose (HPMC) and orally administered to rats at a single dose of 100, 200 or 400 mg W kg. Blood samples were withdrawn via the jugular vein with heparinized syringes at designated times and were centrifuged (1700×g) for 15 min at 49 C to obtain plasma samples. PV was extracted from rat plasma using ethyl acetate. The organic layer was collected and evaporated, then the dried residue was dissolved in 20 mM phosphate buŠer (pH 4.5) W acetonitrile mixed solution and an aliquot was injected into a high-performance liquid chromatography (HPLC) system (Millennium32 TM ; Waters, Milford, MS, USA). Analyses were performed on a Develosil TM ODS HG-5 column (150×2.0 mm i.d.; Nomura Chemical, Seto, Japan) at 0.2 mL W min using gradient elution. Mobile phases used were 20 mM phosphate buŠer (pH 4.5) as solvent A and 70z acetonitrile W 30z 20 mM phosphate buŠer (pH 4.5) as solvent B, and gradient elution was done with 75z solvent A W 25z solvent B initially, followed by a linear gradient to 25z solvent A W 75z solvent B. The detection wavelength was set at 237 nm.
MTX was dissolved in physiological saline containing 1 mM sodium hydroxide and orally administered to rats at a single dose of 0.2 or 0.6 mg W kg. Plasma samples were obtained from blood in the same manner as described above, and folinic acid (internal standard) and acetonitrile were added. The supernatant of the centrifuged solution was evaporated, and the dried residue was dissolved with aqueous methanol. Aliquots were analyzed in an HPLC system (HP-1050 TM ; Agilent Technologies, Palo Alto, CA, USA) equipped with a CAPCELL PAK TM MG column (150×2.0 mm i.d., Shiseido, Tokyo, Japan) using isocratic elution at 0.2 mL W min with 33z water W 67z methanol containing 5 mM di-n-hexylammonium, an ion-pair reagent. MTX was detected using a triple quadrupole mass spectrometer (TSQ700 TM ; Thermo Electron Corporation, San Jose, CA, USA)ˆtted with an electrospray ionization (ESI) source. Positive ion selected reaction monitoring (SRM) was done using the transitions 455 to 308 for MTX, and 474 to 327 for the internal standard.
Calculation of pharmacokinetic parameters: Pharmacokinetic analysis of the plasma concentration timecurve of PV and MTX after a single oral administration was performed by use of the nonlinear estimation program WinNonlin TM (Pharsight, Mountainview, CA, USA). The elimination half-lives (T1W 2) and the area under the plasma concentration time-curve from time 0 to inˆnity (AUC0-/) were estimated by non-compartmental analysis, and the trapezoidal method with extrapolation to inˆnite time, respectively. The maximum plasma concentration (Cmax) and time to Cmax (Tmax) were determined directly from the observed data. The total body clearance corrected for absorption (CL W F) was calculated by dividing the dose by the AUC0-/ value. Each value is the mean±S.D. of three animals. Statistical analysis was performed by means of Student's two-tailed t test. A diŠerence between means was considered to be signiˆcant when the P-value was Rat plasma spiked with an appropriate concentration of PV or MTX was incubated at 379 C for 20 min, and ultraˆltered (Centrifree } , Millipore Corporation, Billerica, MA, USA), and theˆltrate was centrifuged (1400×g) for 15 min at room temperature. Plasma and ltrate concentrations of PV and MTX were determined by the method described above.
Toxicity study: SDR and EHBR were orally given with PV at a dose of 200 mg W kg W day once a day for 7 or 14 days or with vehicle (0.5z HPMC) for 14 days.
Another group of EHBR was treated with PV at a dose of 400 mg W kg W day once a day for 7 days. The body weight of each animal was monitored several times throughout the study period. At 24 h after the last dosing, the animals were anesthetized with 2.5z pentobarbital sodium, (Somnopentyl TM ; ScheringPlough, Kenilworth, NJ, USA), and heparinized blood samples were collected from the abdominal aorta for analysis of creatine phosphokinase (CPK) level, which was performed by an autoanalyzer (COBAS MIRA TM PLUS; Roche Diagnostics, Basel, Switzerland). Subsequently, each animal was killed and skeletal muscles were taken from each of three sites, musculus rectus femoris, musculus biceps femoris and musculus gastrocnemius, of the right and left hind limbs. All muscles were preserved in 10z phosphate-buŠered formaldehyde solution, routinely processed, embedded in para‹n, and sectioned at 3-mm thickness. These sections were stained with hematoxylin and eosin. In histopathological evaluation, the degree of muscular degeneration was evaluated according to the following scoring system: 22) grade 0, within normal limits; grade 1, small amounts of muscleˆbers showing a few vacuoles but no necrosis; grade 2, scattered necrosis of musclê bers; grade 3, necrotic area reaching one-third of the observed area; grade 4, necrotic area exceeding onethird of the observed area (see Fig. 1 ). The mean of the scores of six specimens was taken as representative of the individual. Moreover, the average of these individual values was regarded as representative of the group. Body weight gain and plasma CPK level are shown as the mean±S.D. of three orˆve animals.
SDR and EHBR were treated orally with MTX at a dose of 0.2 mg W kg W day or with vehicle (physiological saline containing 1 mM sodium hydroxide) once a day for 14 days or at a dose of 0.6 mg W kg W day once a day for 7 days. Each individual was weighed several times during the study period. At 24 h after the end of the last dosing, the animals were anesthetized with 2.5z pentobarbital sodium, and blood samples were collected from the jugular vein using EDTA-2K as the anticoagulant, for hematological examinations. Heparinized blood samples were collected from the abdominal aorta for biochemical examinations. After each animal was killed, the liver, kidney, heart, lung, spleen and thymus were removed and weighed. The submaxillary glands, adrenal glands, mesenteric lymph node, femoral bone marrow, stomach and intestines were also removed. All organs were prepared for histopathological study in the same manner as previously described. In hematological examinations, erythrocytes, hemoglobin, hematocrit, mean corpuscular volume (MCV), mean corpuscular hemoglobin (MCH), mean corpuscular hemoglobin concentration (MCHC), leucocytes and thrombocytes were determined using a fully automated hematology analyzer (SF3000 TM ; Sysmex, Kobe, Japan). Leukocytic diŠerential fraction, that is, basophils, eosinophils, band neutrophils, segmented neutrophils, lymphocytes and monocytes, was determined with an automatic diŠerential counter (MICROX TM HEG-120; OMRON Corporation, Tokyo, Japan). In biochemical examinations, aspartate aminotransferase (GOT), CPK, total cholesterol, triglyceride and phospholipid analyses were performed by COBAS MIRA TM PLUS. In addition, alanine aminotransferase (GPT), alkaline phosphatase (ALP), glucose, total protein, albumin, total bilirubin, blood urea nitrogen (BUN), creatinine, calcium (Ca) and potassium (K) analyses were performed by an autoanalyzer (Abaxis TM EA; Abaxis, Inc., Union City, CA, UCA). Each value represents the mean±S.D. of four orˆve animals. Statistical analysis was performed with Student's two-tailed t test and Dunnet's test. A diŠerence between means was considered to be signiˆcant when the P-value was less than 0.05.
Results

Pharmacokinetics of PV:
The plasma concentration-time data are shown in Fig. 2 , and the derived Toxicity of PV: Body weight gain, plasma CPK level and grade of skeletal muscle degeneration in male rats treated orally with PV for 7 or 14 days are shown in Table 2 . In EHBR treated with PV at 200 mg W kg W day for 14 days, suppression of body weight gain was observed. The plasma CPK level, one of the indices of muscular damage, was also greatly increased. Histopathologically, the incidence and extent of muscular degeneration were prominent in EHBR treated with PV at 200 mg W kg W day for 14 days (incidence: 5 W 5, average grade: 3.5). The degree of muscular degeneration in these animals ranged from grade 2 to grade 4, and the individual averages were within grades 3.2-3.8. Moreover, EHBR treated with PV at 400 mg W kg W day for 7 days also showed muscular degeneration (incidence: 3 W 3), although the grade (average grade: 0.6) was less than that in the group given 200 mg W kg W day for 14 days. The Increase of CPK level was also less than in the 200 mg W kg W day group. Decrease of body weight was observed in only the 400 mg W kg W day group. On the other hand, SDR treated with PV at 200 mg W kg W day for 7 or 14 days and EHBR at 200 mg W kg W day for 7 days showed an increase in plasma CPK level, but the degree was very weak compared with that of EHBR at a dose of 200 mg W kg W day for 14 days. Moreover, histopathologically, these groups showed no abnormalities at all.
Pharmacokinetics of MTX: The plasma concentration-time data are shown in Fig. 3 , and the derived pharmacokinetic parameters are summarized in Toxicity of MTX: All groups given MTX showed suppression of body weight gain (78-93z of vehicle control at the same time point), and a slight weight reduction was observed in the EHBR group given 0.6 mg W kg W day for 7 days (96z of initial value). The groups given MTX showed a decrease in several hematological parameters ( Table 4) . For the most part, the degrees of decrease in EHBR were more prominent than those in SDR. Erythrocytes, short-lived blood cells, decreased in EHBR at 0.2 mg W kg W day for 14 days, and in contrast, leucocytes, long-lived ones, decreased in EHBR at 0.6 mg W kg W day for 7 days. Decreasing parameters for hemopoietic or immune systems: segmented neutrophilis, lymphocytes and monocytes in leukocytic fraction, and thrombocytes in this group were quite noticeable. Biochemically (Table 5) , EHBR treated with MTX at 0.6 mg W kg W day for 7 days showed decreased GOT, GPT and ALP. Moreover, several parameters which re‰ect a decrease in food consumption and weight loss (glucose, total cholesterol, triglyceride, phospholipid, total protein and albumin) were decreased in this group. However, SDR and EHBR treated at 0.2 mg W kg W day for 14 days showed no obvious changes. Histopathologically, SDR and EHBR treated at 0.6 mg W kg W day for 7 days and EHBR treated Table 2 . Body weight gain, plasma creatine phosphokinase (CPK) activity and incidence and grade of skeletal muscle degeneration in male rats treated orally with PV for 7 or 14 days The grade of skeletal muscle degeneration described in the method section and shown in Fig. 1 : grade 0, within normal limits; grade 1, small amounts of muscleˆbers showed a few vacuoles but no necrosis; grade 2, scattered necrosis of muscleˆbers; grade 3, necrotic area up to one-third of observed area; grade 4, necrotic area exceeded one-third of observed area. c R, musculus rectus femoris; B, musculus biceps femoris; G, musculus gastrocnemius.
at 0.2 mg W kg W day for 14 days showed a decrease in hematopoietic cells (erythroblasts and myeloblasts) of the bone marrow, extramedullary hematopoiesis and small-size lymphocytes of spleen, and lymphocytes of thymus. All of these changes were more severe in the EHBR at 0.6 mg W kg W day for 7 days than in other groups. Decrease of lymphocytes in lymph nodes was observed only in one individual in the EHBR group given 0.6 mg W kg W day (Fig. 4, Table 6 ). In addition, some changes in the stomach and liver were observed only in EHBR given 0.6 mg W kg W day. Both strains at 0.6 mg W kg W day showed necrosis and atrophy of mucosal epithelial cells in the small and large intestine; the number of animals with these symptoms was larger in the case of EHBR than in SDR (Fig. 5 , Table 7 ). The absolute and relative organ weights in the thymus and spleen were also reduced in EHBR given at 0.6 mg W kg W day (data not shown).
Discussion
In the present study, we investigated the value of EHBR as a model animal with a high exposure to anionic drugs, because of its deˆciency of the organic anion biliary eOEux transporter, Mrp2. In order to assess the utility of this model, compared with SDR, we chose PV and MTX as model drugs, and examined their pharmacokinetics and toxicity in the two strains.
One of the most important clinical adverse eŠects in therapy with HMG-CoA reductase inhibitors (statins) to improve the lipid proˆle of hyperlipemia patients is a Number of animals examined 5
6.9±1. drug-induced skeletal muscle toxicity (rhabdomyolysis), 23) whose incidence is signiˆcant (e.g., 0.1-0.5z in patients treated with PV). Matsuyama et al. 24, 25) reported that single oral administration of statin (50-500 mg W kg) to rats under urethane anesthesia, dose-dependently elevated the serum CPK level in the case of simvastatin, but not PV. No signiˆcant elevation of serum CPK level was observed without urethane infusion. Moreover, Pierno et al. 26, 27) reported that PV treatment at 100 mg W kg W day for three months did not produce any alteration of excitation-contraction coupling of the rat skeletal muscle. Smith et al. 22) reported that the incidence (rate) of induced myopathy in rats was 0 W 11 (0z), 2 W 3 (33z) and 2 W 2 (100z) with uncertain degeneration grades at 400, 1200 and 2400 mg W kg W day (dosed on a bid regimen at 200, 600 and 1200 mg W kg) of PV for 2-4 weeks, respectively. They also reported in the same paper that the incidence (rate) was 8 W 13 (62z) and 3W 3 (100z) at 400 and 1200 mg W kg W day (dosed on a bid regimen at 200 and 600 mg W kg) of PV, respectively, with concomitant intravenous administration of cyclosporin A (10 mgW kgW day) at various doses for the same period.
We found that at 200 mg W kg of PV, the C max and AUC values were signiˆcantly higher in EHBR than in SDR. Drug-induced rhabdomyolysis was observed with severe degeneration in all EHBR given at 200 mg W kg W day (once a day) of PV alone for 14 days. Compared with previously described methods, ours has several advantages: it was possible to reduce the drug administration by dosing once a day, to simplify the procedure by the dosing of PV alone, to shorten the study period and to obtain a high rate of induction of rhabdomyolysis. We examined whether dosing period could be shortened with the same total exposure of PV as in the case of treatment with 200 mg W kg W day for 14 days, that is, PV was administered to EHBR at 400 mg W kg W day for 7 days. In this case, the incidence of degeneration was complete; however, the severity was low, and the increase of CPK level was much smaller. Moreover, this group showed not only rhabdomyolysis but also decreased body weight, which may re‰ect unexpected acute toxicity. When younger EHBR (5 weeks old) were treated with PV at 200 mg W kg W day for 14 days, both the incidence and degree of degeneration were less than those of older animals (7 weeks old) (data not shown), as reported previously. 28) In the study on MTX, we found that Cmax and AUC of MTX were 1.7-fold higher and 1.6-fold larger in EHBR than in SDR at the dose of 0.6 mg W kg. Plasma protein binding of MTX was much smaller in EHBR than in SDR. When SDR and EHBR were treated with MTX at 0.6 mg W kg W day for 7 days (4.2 mg W kg), hemopoietic changes, lymphotoxicity, gastrointestinal eŠects and hepatotoxicity, which re‰ect MTX-induced clinical adverse eŠects, were more severe in EHBR than in SDR. The reason for the diŠerence was considered to be the diŠerences in not only systemic exposure but also protein binding of MTX between EHBR and SDR. Murakami et al. 29) reported that MTX-induced toxicological changes were observed in normal and unilaterally nephrectomized rats which received dosages of up to 0.6 mg W kg W day for one month (18 mg W kg). Gao et al. Fig. 4 . Histologic characterization of hematopoietic and immune-related organs from SDR (A, C and E) and from EHBR (B, D and F) treated with MTX (0.6 mg W kg W day) for 7 days. A and B) Bone marrow. Decrease in hematopoietic cells is seen in both strains, but the change in the bone marrow of EHBR is far greater than in that of SDR. C and D) Spleen. Decrease in small-sized lymphocytes is seen in the spleen from EHBR. E and F) Thymus. Decrease in lymphocytes is seen in both strains. In SDR, cortical atrophy ( * ) is apparent. In EHBR, the decrease in lymphocytes is very severe over the entire area. G and H) Lymph node. Decrease in lymphocytes is seen in lymph node from EHBR. Bar＝100 mm. Number of animals examined Several authors have suggested that operated animals, such as nephrectomized animals, and methods involving co-administration of other drugs are useful to increase systemic exposure. However, these models might not be appropriate for toxicity evaluation because of the injurious eŠects of operations and the possibility of drug-drug interaction. In contrast, natural or artiˆcial gene-deˆcient model animals lacking drug-eOEux transporter gene(s) may be better models for toxicity study. Some work has been done to survey polymorphisms of gene expression in patients with statin-induced rhabdomyolysis, 31, 32) and it was suggested that the rhabdomyolysis is associated with mutations of transporters such as OATP-C (SLC21A6, also known as OATP2, LCT-1). Since OATP-C is a human organic anion transporter, which is engaged in the hepatic uptake of endogenous materials and xenobiotic drugs including statins such as PV, the plasma PV level of patients with a mutated OATP-C gene might be higher than patients with normal gene. These considerations justify our use of EHBR, in that gene mutation and deˆciency of transporters both cause an increase of systemic exposure, and consequently toxicity. Our results support the idea that EHBR will be a useful model for toxicological evaluation to assess limited amount of the compounds at the drug discovery stage.
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